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Introduction
The application of pressure, using equipment such as the diamond anvil cell (DAC), is a versatile method of exploring a substance's solid form landscape. The technique has grown in popularity as well as capacity in recent years. 1, 2 Conventionally, temperature variation is one of the primary means used to crystallize molecular species both from solution and from the melt. Temperature-dependent polymorphism is a commonly observed phenomenon. Pressure offers another dimension on the pressure-temperature landscape with which to probe the behavior and characteristics of a wide variety of crystal forms. DAC pressurization can be 2 used to compress an existing crystal, offering the potential for single-crystal-to-single-crystal phase transitions, or to crystallize compounds or mixtures from liquids or from solution. High pressure crystallography has the potential to contribute significantly to the body of knowledge which informs fields such as crystal structure prediction and crystal engineering. [3] [4] [5] Crystal structure prediction (CSP) has proven an effective tool in the search for polymorphs of organic compounds in a number of blind tests carried out to determine the reliability of the method. 6-9 CSP calculations provide information on the relationship between density and lattice energy in potential crystal forms. As HP polymorphs of a crystal typically have a higher density, it stands to reason that if a particularly promising polymorph is predicted in the higher density region of the energy surface, a tailored pressurization experiment may be the route to isolating the material experimentally. An example where CSP has correctly predicted a polymorph which was then obtained by a targeted crystallization experiment was the HP crystallization of the drug Dalcetrapib. 5 One interesting aspect of high pressure crystallization as opposed to ambient or low temperature crystallization routes is the effect it can have on the Z' value of the polymorphs.
There are a number of examples where HP crystallization has not only produced a new polymorph of a compound but a higher Z' than seen for the ambient pressure forms. Here we present the investigation into the highly sterically hindered pyridine analogue 2,6-lutidine (2,6-dimethylpyridine, DMP). DMP is a simple substituted pyridine derivative commonly used as a mild base, as well as a food additive. 21 While DMP is a slightly stronger 4 Brønsted base than pyridine its steric bulk makes it a weaker hydrogen bond base and hence DMP complexes are expected to give interesting insight into the effect of basicity on HP/LT polymorphism of weak acid-base cocrystals and their propensity to undergo proton transfer. 22, 23 The ΔpK a of a DMP and formic acid mixtures is 2.95.
Experimental
All mixtures of DMP and FA are liquid at room temperature. All low temperature structures were obtained by in situ cryo-crystallization using a 0.3 mm borosilicate glass capillary, loaded with the appropriate mixture, sealed at both ends and affixed to a pin mounted to a goniometer head. Crystals were obtained by a combination of cooling using the cryostream and flash freezing with liquid nitrogen. Once crystals were obtained, the temperature was cycled to obtain a suitable single crystal. An Agilent Xcalibur Gemini diffractometer equipped with Oxford Cryosystems open flow nitrogen cryostat was used for data collection for the 1:2 co-crystal. CrysAlis PRO 24 was used for data processing of the structure. Molecular complexes 1:3 and 1:1 were crystallised on a Bruker SMART CCD 6000 diffractometer using a special mount for bulky attachments that allows better handling of the sample but slightly reduces completeness. 25 The data were processed using SAINT and SADABS software.
Crystals grown at high pressure were obtained by loading the liquid mixtures into a diamond anvil cell with diamond culets of 0.8 mm. Samples occupy a sample chamber created by a steel gasket of 0.25 mm thickness, pre-indented to 0.15 mm with a precision drilled hole of 300 μm. A ruby was included in the sample chamber for pressure determination. 26 The pressure was increased until a polycrystalline phase was obtained, then the pressure was cycled around the melting transition point until a single crystal was obtained of suitable quality and size for diffraction. (Table 1) .
1:2 DMP-FA
A 1:2 mixture of DMP and FA crystallizes via both HP and LT crystallization methods. At this higher concentration of acid, HP/LT polymorphism is seen. While the HP structure crystallizes in orthorhombic space group P2 1 2 1 2 1 , the symmetry is lower in the LT form which is triclinic space group P1 ̅ . In the HP structure, the molecules are more closely packed, with a unit cell packing efficiency of 66% compared with 63% for the LT form. (Table 1 ).
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The hydrogen bond distances of the NH···O hydrogen interaction between DMP-H + and formate are 2.64(3) and 2.673(3) Å for HP and LT, respectively ( Table 3 ). The charge assisted hydrogen bond in the higher ratio cocrystal is a critical factor in determining molecular packing motif but the ion-ion interaction between DMP-H + and formate is also a consideration. The OH···O bond distance in the 1:2 polymorphs is 2.516 (4) for the LT form and 2.48(3) for HP. (4) If we consider the DMP-formate-formic acid arrangement in each structure to be the 'synthon' for that form, the synthons have significantly different packing arrangements in each crystal structure. In the LT polymorph, the synthons pack via weak CHO interactions and off-set π-π stacking between pyridyl rings into discrete layers in the (440) plane. The HP polymorph has a more complex packing arrangement, as shown in Figure 3 . 
1:3 DMP-FA
Mixtures of DMP and FA in ratios 1:3 and higher, crystallize in a 1:3 structure. This concentration also exhibits HP/LT polymorphism, although it is more subtle than that seen for the 1:2 cocrystal. Figure 4 shows the asymmetric units of the 1:3 cocrystals from DAC crystallization and capillary crystallization. Both have undergone proton transfer during crystallization and contain one 2,6-dimethylpyridinium ion, a formate ion and two molecules of formic acid, in a hydrogen bonded synthon. While the unit cell parameters for the two forms are very similar to one another ( Table 1) (1) The donor···acceptor distances are remarkably similar between the two structures, emphasizing the subtlety of the polymorphism in this system (Table 4 ). The largest difference is seen in the DHA bonding angles, particularly between the formate ion and one FA molecule; the angle O12-H12-O11 has a difference of 17° between polymorphs.
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Discussion
All of the DMP-FA cocrystals display relatively strong, directional hydrogen bonds between the DMP and FA components (Table 2) Fingerprint plots generated from Hirshfeld surfaces using the visualization tool Crystal
Explorer offer a useful way of representing the intermolecular interactions within a crystal and differences in bonding between polymorphs and comparable cocrystals. 37, 38, 39 The program generates a Hirshfeld surface around a selected atom or group and plots the proximity of other atoms or groups to this surface using values d e , the distance between the Hirshfeld surface and the nearest external contact and d i , the distance between the surface and the nearest internal contact. This plot is known as a fingerprint plot. Figure 7 shows the fingerprint plots for the Hirshfeld surface of DMP/ DMP-H + for each polymorph of DMP-FA. The plots show the following differences in the nature of intermolecular contacts within the structure. In Figure 7a , the feature labelled 1 is due to the N···H interaction between the nitrogen of DMP and the acidic proton of FA, a neutral hydrogen bonding interaction. As proton transfer has occurred in the other four structures this peak is no longer seen, but a new feature at higher d e appears labelled 2,3,4 and 6, as a result of the N-H···O charge assisted hydrogen bond interaction. When the regions of the fingerprint plot relating to individual atom type are isolated, it can be determined that the contribution of N···H interactions in plots b-e is less than 1%, while for a, it is 6.6%.
For all of the structures, the majority of the surface interaction is due to H···H interactions, which make up the bulk of the blue area and the features in the top right of each plot.
However in plot Figure 7d (1:3 LT) the peak labelled 5 is also due to H···H interactions, in closer contact than seen in any other DMP-FA structure including the HP 1:3 polymorph. This is due to the atom H8C on one of the methyl groups of DMP; crystal packing brings this hydrogen atom into close contact with equivalent H8C atoms on neighboring DMP-H + in adjacent layers. This is an unusual feature not seen for the other high pressure cocrystals of DMP and pyridine, which instead show changes to the more diffuse region of the fingerprint plot which represents the bulk of H···H contacts, rather than an enforced short contact In the HP plots, this diffuse H···H region is more compact than in the LT versions as molecules are encouraged into closer contact by the application of pressure.
Conclusions
Mixtures of 2,6-dimethylpyridine and formic acid offer a good example of high pressure/ low temperature polymorphism analogous to that seen for the similar pyridine formic acid systems.
A 1:1 mixture of DMP and FA affords a neutral cocrystal with the same polymorph obtained from both HP and LT crystallization methods. Higher acid concentration forms 1:2 and 1:3 afford salt cocrystals with components in the expected acid/base ratio although proton transfer between the acid and base has occurred resulting in charge-assisted hydrogen bonding interactions. This is potentially a contributing factor in the HP/LT polymorphism of the system, given the lack of polymorphism in the neutral molecular cocrystal of 1:1 DMP-FA.
The use of Hirshfeld surface fingerprint plots has clearly indicated structural differences between polymorphs that are otherwise not obvious from inspection of the unit cell and packing of a structure as is the case for the 1:3 polymorphs of DMP-FA, which exhibit subtle differences between polymorphs.
Notes
Corresponding author: *michael.probert@ncl.ac.uk
